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ABSTRACT

In a previous publication, using human 5-hydroxytryptamine, (h5-
HT,) receptor-expressing human embryonic kidney (HEK) 293
cells, we reported the rapid, potent inactivation of the h5-HT,
receptor stimulation of cAMP production by three antagonists:
risperidone, 9-OH-risperidone, and methiothepin (Smith et al.,
2006). To better understand the drug-receptor interaction produc-
ing the inactivation, we 1) expanded the list of inactivating drugs,
2) determined the inactivating potencies and efficacies by per-
forming concentration-response experiments, and 3) determined
the potencies and efficacies of the inactivators as irreversible
binding site inhibitors. Three new drugs were found to fully inac-
tivate the h5-HT, receptor: lisuride, bromocryptine, and metergo-
line. As inactivators, these drugs displayed potencies of 1, 80, and
321 nM, respectively. Pretreatment of 5-HT_-expressing HEK cells
with increasing concentrations of the inactivating drugs risperi-

done, 9-OH-risperidone, methiothepin, lisuride, bromocriptine,
and metergoline potently inhibited radiolabeling of the h5-HT,
receptor, with IC5, values of 9, 5.5, 152, 3, 73, and 10 nM,
respectively. We were surprised to find that maximal concentra-
tions of risperidone and 9-OH-risperidone inhibited only 50% of
the radiolabeling of h5-HT-, receptors. These results indicate that
risperidone and 9-OH risperidone may be producing 5-HT-, recep-
tor inactivation by different mechanisms than lisuride, bromocryp-
tine, metergoline, and methiothepin. These results are not inter-
pretable using the conventional model of G-protein-coupled
receptor function. The complex seems capable of assuming a
stable inactive conformation as a result of the interaction of certain
antagonists. The rapid, potent inactivation of the receptor-G-pro-
tein complex by antagonists implies a constitutive, pre-existing
complex between the h5-HT, receptor and a G-protein.

The 5-HT, receptor is 1 of 13 5-HT receptors expressed in
mammalian tissues (Teitler and Herrick-Davis, 1994; Ger-
hardt and van Heerikhuizen, 1997; Hoyer and Martin, 1997;
Raymond et al., 2001; Hoyer et al., 2002; Kroeze et al., 2002).
It was discovered through homology cloning and is expressed
in various areas of the human brain and in peripheral tis-
sues, including important blood vessels in the cerebral vas-
culature (Bard et al., 1993; Lovenberg et al., 1993; Shen et
al., 1993; Teitler and Herrick-Davis, 1994; Hedlund and Sut-
cliffe, 2004). 5-HT, receptor antagonists are being developed
for possible use in various clinical conditions, including mi-
graine (Terron, 1997), sleep (Lovenberg et al., 1993), psycho-
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sis (Bard et al., 1993; Lovenberg et al., 1993; Shen et al.,
1993), and depression (Bard et al., 1993; Lovenberg et al.,
1993; Shen et al., 1993; Hedlund and Sutcliffe, 2004).
Risperidone is a highly prescribed atypical antipsychotic
drug (Bhana and Spencer, 2000; Gilbody et al., 2000; Green,
2000; Love and Nelson, 2000; Schneider et al., 2006). It is one
of a group of drugs believed to initiate their effects through
interactions with the D, dopamine and 5-HT,, serotonin
receptors (Meltzer et al., 1989; Roth et al., 1994). These
interactions have been shown to be classic competitive an-
tagonist interactions (Roth et al., 1994; Smith et al., 2006).
We reported recently that risperidone, 9-OH-risperidone,
which is the active metabolite of risperidone (Ereshefsky and
Lacombe, 1993; Borison et al., 1994; Spina et al., 2001), and
methiothepin, a classic, nonselective 5-HT receptor antago-
nist, produce a unique effect on cells expressing the h5-HT,
receptor (Smith et al., 2006). Pretreatment with these three

ABBREVIATIONS: 5-HT,, 5-hydroxytryptamine,; HEK, human embryonic kidney; GPCR, G-protein-coupled receptor; LSD, d-lysergic acid
diethylamide; SB269970, (R)-3-(2-(2-(4-methylpiperidin-1-yl)ethyl)pyrrolidine-1-sulfonyl)phenol hydrochloride; ICI1169369, 2-(2-dimethylamino eth-
ylthio)-3-phenyl quinoline; BIIE0246, N-[(1S)-4-[(@aminoiminomethyl)amino]-1-[[[2-(3,5-dioxo-1,2-diphenyl-1,2,4-triazolidin-4-yl)ethyllamino]car-
bonyl]butyl]-1-[2-[4-(6,11-dihydro-6-oxo-5H-dibenz[b,e]azepin-11-yl)-1-piperazinyl]-2-oxoethyl]-cyclopentaneacetamide formate.
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drugs at low concentrations for a short time (30 min) pro-
duces a long-lasting inactivation of the h5-HT., receptor.
[®*H]Risperidone binding studies indicated that this effect is
due to an irreversible complex formed between risperidone
and the h5-HT, receptor. It is presumed that a similar mech-
anism is responsible for the effects of 9-OH-risperidone and
methiothepin, although this can only be indirectly demon-
strated, because radiolabeled forms of these latter two drugs
are not available. It is interesting that exposing membrane
homogenates prepared from h5-HT,-expressing cells to ris-
peridone or 9-OH-risperidone did not produce an irreversible
occlusion of the binding site (Smith et al., 2006). These re-
sults indicate that the receptor must be in the cellular envi-
ronment to irreversibly bind these drugs.

Nine drugs studied at the same time as risperidone, 9-OH-
risperidone, and methiothepin did not display the inactivating
properties (Smith et al., 2006). To more fully examine the phar-
macological properties of drugs that promote the irreversible
interaction with the h5-HT,, receptor, we attempted to expand
the list of inactivating drug. Seventeen drugs not studied pre-
viously were screened for inactivating properties. These drugs
were selected because they had high to moderate affinities for
the 5-HT, receptor, ensuring a drug-receptor interaction at
nanomolar to micromolar concentrations (Bard et al., 1993;
Lovenberg et al., 1993; Monsma et al., 1993; Ruat et al., 1993;
Shen et al., 1993; Roth et al., 1994). Three new inactivating
drugs were discovered. The ability of the inactivating drugs to
inhibit radioligand binding and 5-HT-stimulated activity was
monitored (after drug removal) to determine the relationship
between receptor occupancy and inactivating potency. Pretreat-
ment with all six inactivators eliminated all h5-HT, receptor-
mediated activity. Pretreatment with bromocryptine, metergo-
line, and methiothepin eliminated all radiolabeling of h5-HT,
receptors; lisuride eliminated ~80% of the radiolabeled recep-
tors. However, risperidone and 9-OH-risperidone only maxi-
mally inhibited 50% of the radiolabeled h5-HT, receptors.
Taken together, these results indicate the possibility of two
different mechanisms of h5-HT,, receptor inactivation among
the six inactivating drugs.

Materials and Methods

Homogenate Radioligand Binding. Radioligand binding stud-
ies in membrane homogenates were performed as described previ-
ously with modifications (Purohit et al., 2005; Smith et al., 2006).
HEK cells stably expressing h5-HT; receptors (100-mm dish; ~100%
confluent) were scraped and collected in 50 mM Tris-HCL, 0.5 mM
EDTA, and 10 mM MgSO,, pH 7.7 (at 23°C); centrifuged at 14,000g
for 30 min; homogenized using a Polytron homogenizer (Kinematica,
Basel, Switzerland); and centrifuged again at 14,000g for 30 min.
The membranes were resuspended in HEPES buffer (20 mM
HEPES, 2.5 mM MgSO,, and 134 mM NaCl, pH 7.5, 23°C) and 0.1%
ascorbic acid. Assays were performed in triplicate 1.0-ml volumes
containing 10 ug of membrane protein (which was added last). As-
says containing 2 nM [?H]5-HT (24 Ci/mmol; PerkinElmer Life and
Analytical Sciences, Waltham, MA) were performed in the absence
and presence of 10 uM clozapine to detect the level of available
h5-HT,; receptors. Specific binding was generally 85 to 95% of total
binding. Tubes were incubated for 30 min at 37°C, filtered, and
counted using liquid scintillation. Experimental results were ana-
lyzed using Prism 5.0 (GraphPad Software, San Diego, CA). Protein
content of the samples was determined with the use of a BCA protein
assay kit (Pierce Chemical, Rockford, IL).
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Whole-Cell Radioligand Binding. Whole-cell radioligand bind-
ing studies were performed as described previously with modifica-
tions (Kong et al., 2006; Smith et al., 2006). Cells were lifted using 1
ml/dish diluted trypsin-EDTA, followed by the addition of 5 ml/dish
HEPES buffer (see above). Cells were gently centrifuged for 3 min at
330g, supernatant was aspirated, and cells were resuspended in
HEPES buffer. Cells were pretreated with drug, incubated for 30
min at 37°C, washed three times for 10 min each time with HEPES
buffer, resuspended in HEPES buffer, and added to the assay tubes.
Assay tubes contained 2 nM [*H]5-HT for competition studies or
varying concentrations (0.5-15 nM) for saturation analyses. Cloza-
pine (10 uM) was used to define nonspecific binding. Assay tubes
were incubated for 30 min at 37°C, filtered, and counted using liquid
scintillation.

cAMP Assay. Total cAMP accumulation was measured using the
LANCE cAMP Detection kit (PerkinElmer Life and Analytical Sci-
ences). Cells were lifted using 1 ml/dish Versene followed by the addi-
tion of 11 ml of Hanks’ buffered saline solution per dish. Cells were
centrifuged for 3 min at 330g, supernatant was aspirated, and the cells
were resuspended in HEPES buffer. Cells were pretreated with drug,
incubated 30 min at 37°C, and washed three times for 10 min each time
in HEPES buffer. After the third wash, cells were resuspended in
stimulation buffer (prepared according to the PerkinElmer LANCE
cAMP instruction manual). Cells were counted with a hemacytometer
and added to 96-well white opaque plates. The pretreated cells were
then exposed to 10 uM 5-HT for 30 min at 23°C. Control experiments
demonstrated that this procedure produced no effect on the cells’ re-
sponsiveness to 5-HT (see Results). Time-resolved fluorescence reso-
nance energy transfer was detected by the Victor3 1420 plate reader
(PerkinElmer Life and Analytical Sciences).

Results

Figure 1 displays the results of screening 20 drugs for
inactivating properties. These drugs were selected based on
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Fig. 1. Effect of drug pretreatment on h5-HT, receptor-stimulated cAMP
production. HEK293 cells stably expressing h5-HT, receptors were sus-
pended in isotonic buffer and exposed to 1 uM concentrations of drugs for
30 min. Cells were gently pelleted, buffer was replaced, and the cells were
exposed to non—drug-containing buffer. This drug washout procedure
was repeated three times. Cells were resuspended and assayed for re-
sponse to 10 uM 5-HT using the LANCE cAMP Detection kit
(PerkinElmer) and time-resolved fluorescence resonance energy transfer.
The results are the means = S.E.M. of three independent experiments
performed in triplicate. The following drugs (1 uM) displayed no effect on
h5-HT-receptor mediated stimulation of cAMP after washout:
1CI169369, tenilapine, cyproheptadine, SB269970, 3-trifluoromethylphe-
nylpiperazine, trifluoperazine, methysergide, ritanserin, loxapine, amox-
apine, amitriptyline, and LSD. #, p < 0.003 versus control.
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preliminary radioligand binding studies indicating that they
had high to moderate affinities for the h5-HT, receptor. The
h5-HT, receptor-expressing HEK cells were first exposed to 1
pM drug for 30 min followed by three washouts. The cells
were then exposed to 10 uM 5-HT for 30 min. Inactivation
was defined as the inability of the cells to produce cAMP in
response to the 10 uM 5-HT stimulation. Six of the drugs
tested displayed this property: risperidone, 9-OH-risperi-
done, and methiothepin (characterized previously as inacti-
vators; Smith et al., 2006), and lisuride, bromocryptine, and
metergoline, which were not characterized previously. The
six drugs tested that had inactivating ability exhibited h5-
HT, receptor affinities that ranged from 0.4 to 143 nM.
Lisuride (0.4 nM), risperidone (2 nM), methiothepin (3 nM),
9-OH-risperidone (10 nM), metergoline (16 nM), and bromo-
cryptine (143 nM) displayed inactivating properties (Figs. 1
and 2). Other drugs tested that did not display inactivating
properties are listed with their h5-HT, receptor affinities:
amoxapine (69 nM); amitriptyline (96 nM); cyproheptadine
(24 nM); loxapine (258 nM); mianserin (64 nM); ritanserin

10 1004

(468 nM); the selective 5-HT, receptor antagonist SB269970
(2 nM); tenilapine (153 nM); 3-trifluoromethylphenylpipera-
zine (1624 nM); trifluoperazine (497 nM); the high-affinity
5-HT,, receptor antagonist ICI169369 (393 nM); clozapine (30
nM); LSD (83 nM); and methysergide (32 nM). Of the six
inactivators, only metergoline produced less than a complete
inactivation at 1 uM, indicating that it is either less potent
than the other five inactivators or producing its inactivation
through a distinct and less efficacious mechanism.

To obtain more information on this novel inactivation prop-
erty of the six drugs, concentration-response curves for h5-
HT, inactivation were produced (Fig. 2 and Table 1). The
h5-HT, receptor-expressing HEK cells were first exposed to
increasing concentrations of drug for 30 min, followed by
three washouts. The cells were then exposed to 10 uM 5-HT
for 30 min. Risperidone, 9-OH-risperidone, lisuride, and me-
thiothepin displayed high potencies for producing the inacti-
vation effect, with IC;, values of 1.3, 3.9, 1.0, and 3.0 nM,
respectively. Bromocryptine and metergoline displayed lower
potencies with IC;, values of 80 and 321 nM, respectively.
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Five of the six inactivating drugs were able to fully inactivate
the receptor at 10 uM concentrations. Metergoline produced
a maximal inhibition of activity of ~75%. The potencies of the
inactivators closely corresponded with their affinities for
the h5-HT, receptor with the exception of metergoline.
Metergoline is a high-affinity ligand for the h5-HT, recep-
tor (K; = 16 nM). Thus, it seems that the potency of

TABLE 1

Comparison of affinities of the six inactivating drugs for the h5-HT,
receptor in radioligand binding assays with their potencies as
insurmountable inhibitors of h5-HT, receptor binding or inhibitors of
h5-HT), receptor activity

ICjy, values are reported as the receptors are tested subsequent to the removal of the
inactivating drug. Results are the means = S.E.M. of three independent experiments
performed in triplicate.

Insurmountable
h5-HT,; Affinity Inhibition (ICs,)

(Membrane Homogenate
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inactivation involves more than occupancy of the receptor,
possibly involving differing inactivation kinetics for differ-
ent inactivators (see below).

To explore the relationship between receptor occupancy and
receptor inactivating activity for the six inactivators, we incu-
bated increasing concentrations of the six inactivators with the
h5-HT,, receptor-expressing cells, thoroughly washed the cells,
and then measured receptor occupancy using [*H]5-HT to label
the receptors (Fig. 3). Although bromocryptine, metergoline,
and methiothepin produced a potent and complete inhibition of
binding, risperidone and 9-OH-risperidone produced surprising
concentration-response curves. Maximal concentrations of ris-
peridone and 9-OH-risperidone inhibited 50% of the receptor
binding, despite the previous observation that these drugs po-
tently and completely inactivate the h5-HT, receptors (Fig. 2).
Lisuride pretreatment also produced less than a complete loss

Drug Radioligarll{d Binding) h5-HT,  h5-HT,-Receptor-  Of binding sites, inhibiting 82 = 4% of the binding, which was a
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HT binding is that of the h5-HT, receptor, displaying high
affinity for the selective 5-HT., antagonist SB269970. Satu-
ration analyses of high-affinity [*H]5-HT binding indicate
that ~50% of the binding was removed, with no change in
affinity for [*H]5-HT (Fig. 5). Thus, pretreatment with ris-
peridone and 9-OH-risperidone can completely inactivate the
h5-HT, receptor-mediated response but can only irreversibly
block 50% of the h5-HT, receptors.

Discussion

The effects of risperidone, 9-OH-risperidone, lisuride, bro-
mocryptine, methiothepin, and metergoline on the h5-HT,
receptors expressed in HEK293 cells display several novel
characteristics. Most dramatic is the rapid, potent, and com-
plete inactivation of the receptor after exposure to these
drugs (Figs. 1 and 2). Although a majority of the 20 drugs
tested to date in this series of studies display classic compet-
itive antagonism, these six drugs clearly produce a drug-
receptor interaction that results in an inactivated receptor.
In earlier studies with [*H]risperidone, a pseudo-irreversible
interaction with the h5-HT, receptor was directly demon-
strated (Smith et al., 2006). This interaction apparently ex-
plains the inactivation effect. It would seem that the five
other inactivating drugs produce a similar pseudo-irrevers-
ible effect. Because of the lack of radiolabeled forms of these
drugs, this effect cannot be directly demonstrated. The struc-
tural features of the six inactivating drugs that allow the
production of the pseudo-irreversible complex with the h5-
HT, receptor are not immediately obvious because the six
drugs represent diverse chemical families. Risperidone and
9-OH-risperidone (benzisoxazole derivatives) are similar in
structure and both produce the inactivating effect. Lisuride,
bromocryptine, and metergoline are ergoline derivatives.
However LSD, another ergoline derivative, does not produce
the inactivating effect (Fig. 1). Methiothepin is a meth-
ylpiperazine with no obvious similarities to risperidone or
the ergolines. It is possible that computer modeling of the
structures might reveal a similar structural motif not obvi-
ous in a two-dimensional figure.

It was anticipated that performing radioligand binding
studies after exposing the cells to the inactivating ligands
would produce potent inhibition of the radioligand binding

10
== control; IC5(=0.91£0.1nM

== luM risperidone; IC5y=3.4x1.1nM
= 1uM 9-OH-risperidone; IC5,=1.610.3nM

% control

=10 -9 -'8 -7 -6
log [SB269970] M

Fig. 4. Affinities of SB-269970 for [*H]5-HT-specific binding after pre-
treatment with no drug (control), 1 uM risperidone, or 1 uM 9-OH-
risperidone. Consistent with Figs. 3 and 5, 50% of the h5-HT, receptors
are risperidone- and 9-OH-risperidone-resistant. The high affinities dis-
played by SB269970 indicate the risperidone- and 9-OH-risperidone-
resistant radioligand binding signal displays the pharmacological prop-
erties of the h5-HT), receptor. The results are the means = S.E.M. of three
independent experiments.

signal, reflective of the potent inactivating properties of these
drugs. However, as shown in Figs. 2 and 3, the inactivating
drugs fell into two groups. Methiothepin, metergoline, and
bromocryptine produced the anticipated potent and complete
inhibition of radioligand binding predicted for drugs pseudo-
irreversibly complexed to the h5-HT,, receptor. Lisuride pro-
duced a potent and nearly complete inhibition (Fig. 3). How-
ever, risperidone and 9-OH-risperidone produced a puzzling
effect. Both drugs potently inhibited 50% of the receptor
binding. Thus, 50% of the h5-HT, receptors seem to be ris-
peridone- and 9-OH-risperidone-resistant (Figs. 3 and 5).
This resistant binding seems to be composed of intact h5-HT',
receptors, based on the affinity for SB269970 (Fig. 4).

The results in Figs. 2 and 3 indicate that there are at least
two slightly different mechanisms of inactivation occurring.
Although the six inactivators can inhibit all of the functional
activity of h5-HT, receptors, as judged by 5-HT-stimulated
cAMP production, risperidone and 9-OH-risperidone produce
only a 50% loss of [*H]5-HT binding sites. The other four
inactivators are efficacious inhibitors of [*H]5-HT specific
binding to h5-HT, receptors (Fig. 3). These results imply that
the six inactivators share the ability to stabilize a conforma-
tion of the receptor that inactivates G proteins. This inacti-
vation seems to be very stable, presumably because of the
pseudo-irreversible interaction of the inactivators with the
h5-HT, receptor revealed in a previous publication (Smith et
al., 2006). The rationale for the loss of 50% of the binding
sites, rather than all of the binding sites, because of the
pretreatment with risperidone or 9-OH-risperidone is under
investigation. These results imply a possible receptor-recep-
tor interaction modified by risperidone and 9-OH-risperi-
done. Given the 50% effect observed, the possibility of the
involvement of dimerization seems likely. One possibility is
that the binding of risperidone or 9-OH-risperidone to one

control:
e Bmax=2826+311 fmol/mg
KD=3 6+1.2nM

risperidone:
m Bmax=1797+151 fmol/mg*
Kp=3.6:0.9nM

9-OH-risperidone:
¢ Bmax=14921+97 fmol/mg*
Kp=3.240.7nM

specific binding
(fmol/mg)

0 T Y T
0 5 10 15

*H-5HT (nM)

Fig. 5. Saturation analyses of specific [*’H]5-HT binding to HEK293 cells
expressing the h5-HT, receptor after pretreatment with no drug (control),
1 uM risperidone, or 1 uM 9-OH-risperidone. After drug pretreatment
and washout procedure, cells were incubated with increasing concentra-
tions of [*H]5-HT in the absence and presence of 10 uM clozapine. The
results are the means = S.E.M. of three independent experiments per-
formed in triplicate. *, p < 0.001 versus control B, . values.



protomer of a dimer pair produces an allosteric effect on the
other protomer. The second protomer would presumably lose
its ability to irreversibly bind risperidone or 9-OH-risperi-
done, thus leaving 50% of the sites available for radiolabel-
ing. This possibility is currently under investigation.

Another surprising result is the relatively low potency of
metergoline relative to the other inactivators. Metergoline is
a high-affinity ligand (K, = 16 nM; Table 1) but displayed a
relatively low potency inactivation (IC;, = 112 nM; Fig. 2).
Bromocryptine displayed a lower potency as an inactivator,
but it also displays a lower affinity (K, = 143 nM) than the
other inactivators. It may be that each inactivating drug has
a different time course for producing the pseudo-irreversible
complex and that increasing the incubation time for meter-
goline will produce a higher potency interaction.

The h5-HT, receptor has displayed unusual properties
since its discovery through homology cloning (Bard et al.,
1993; Lovenberg et al., 1993; Shen et al., 1993). The original
characterization revealed that this receptor displays high
affinities for agonists, whether the radiolabel is an agonist or
antagonist ligand. This is contrary to most group 1 GPCRs,
which display lower affinities for agonists when antagonist
radioligands are used (Lyon et al., 1987). Several studies
have indicated that a 5-HT,-receptor/G-protein complex may
exist in the absence of an agonist (Krobert et al., 2001;
Bruheim et al., 2003; Kvachnina et al., 2005). Of special
interest is a report that methiothepin produces an irrevers-
ible inhibition of the h5-HT, receptor (Krobert et al., 2006).
However the authors of that article attribute the methio-
thepin effect to high lipophilicity producing a slow dissocia-
tion. The washout studies performed in the studies reported
herein remove >90% of the drugs (data not shown). Thus,
residual drug is not a likely mechanism for the inability of 10
pM 5-HT to stimulate the h5-HT, receptor subsequent to
exposure to methiothepin or the other inactivating drugs. It
is likely that the “persistent” loss of activity and binding sites
observed after methiothepin pretreatment (Krobert et al.,
2006) was due to the unusual interaction of methiothepin
with the h5-HT, receptor as described herein.

In examining the literature for GPCRs that have been
reported to produce some of the novel effects reported herein,
a member of the neuropeptide Y receptor family seems to be
of interest. The neuropeptide Y receptor family is a member
of the type 1 GPCR family and is composed of four receptors:
Y1, Y2, Y4, and Y5 (Ouedraogo et al., 2008). Two observa-
tions reported for the Y2 receptor are intriguing. Most nota-
bly, neuropeptide Y and a small molecular antagonist
BIIE0246 react irreversibly with the Y2 receptor in radioli-
gand binding studies (Dautzenberg and Neysari, 2005).
BIIE0246 irreversibly inactivates the Y2 receptor in a man-
ner very similar to the inactivators of the h5-HT, receptor
reported herein (Dautzenberg and Neysari, 2005). Another
similarity is that unlike the other members of the neuropep-
tide Y receptor family, the Y2 receptor does not internalize
upon agonist stimulation (Dautzenberg and Neysari, 2005).
The h5-HT, receptor also does not internalize in the presence
of 10 uM 5-HT, as determined using green fluorescent pro-
tein-tagged h5-HT, receptors to monitor receptor trafficking
with confocal microscopy (Smith et al., 2006). It may very
well be that there are other members of the type 1 GPCR
family that possess the unusual properties demonstrated by
the h5-HT, receptor. However, revealing these properties
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requires the appropriate drug(s) and the appropriate exper-
iments. It is possible that GPCRs from diverse subgroupings
may possess structural components that allow the pseudo-
irreversible interaction with endogenous ligands and/or an-
tagonists. Drugs that interact irreversibly with these recep-
tors may produce therapeutic and/or side effects not seen
with competitive antagonists.

Results of a study examining 5-HT', receptor pharmacology
produced observations consistent with the results reported
herein (Terron, 1997). Canine cerebral artery vasodilation
was demonstrated to be mediated by the 5-HT, receptor
through the use of antagonists to reverse 5-HT-mediated
vasodilation. Three drugs were found to produce noncompet-
itive antagonism: risperidone, methiothepin, and lisuride
(Terron, 1997). Consistent with this report, we observe irre-
versible effects with these drugs. It is interesting that the
1997 report found metergoline to be a competitive antagonist
(Terron, 1997). Although this is apparently inconsistent with
our results, in which metergoline was found to produce an
irreversible effect, a closer examination of our data indicates
that this is not actually inconsistent. Relative to the other
irreversible antagonists, metergoline is a far lower potency
irreversible antagonist than expected from its affinity (Fig.
2). The low dosages used in the 1997 study would not be
expected to produce the irreversible effect we observed at
relatively high concentrations of metergoline.

In summary, the results presented indicate drug-receptor
interactions unobserved previously in the monoamine GPCR
family. The pseudo-irreversible interaction of a significant
population of drugs (~29% of the drugs tested to date) with
the receptor, producing a complete inactivation, has not been
reported for any GPCR. These results may indicate that
there is a novel class of drugs, “GPCR inactivators,” sharing
the properties of the six drugs described herein. The ability of
risperidone and 9-OH-risperidone to completely inhibit func-
tional activity of the h5-HT, receptor whereas only occluding
50% of the binding sites is also a novel observation. This may
involve functional receptor-receptor interactions not studied
previously.

References

Bard JA, Zgombick J, Adham N, Vaysse P, Branchek TA, and Weinshank RL (1993)
Cloning of a novel human serotonin receptor (5-HT7) positively linked to adenylate
cyclase. J Biol Chem 268:23422-23426.

Bhana N and Spencer CM (2000) Risperidone: a review of its use in the management
of the behavioural and psychological symptoms of dementia. Drugs Aging 16:451—
471.

Borison RL, Diamond B, Pathiraja A, and Meibach RC (1994) Pharmacokinetics of
risperidone in chronic schizophrenic patients. Psychopharmacol Bull 30:193-197.

Bruheim S, Krobert KA, Andressen KW, and Levy FO (2003) Unaltered agonist
potency upon inducible 5-HT7, but not 5-HT4,, receptor expression indicates
agonist-independent association of 5-HT7, receptor and Gs. Receptors Channels
9:107-116.

Dautzenberg FM and Neysari S (2005) Irreversible binding kinetics of neuropeptide
Y ligands to Y2 but not to Y1 and Y5 receptors. Pharmacology 75:21-29.

Ereshefsky L and Lacombe S (1993). Pharmacological profile of risperidone. Can
J Psychiatry 38 (Suppl 3):S80-S88.

Gerhardt CC and van Heerikhuizen H (1997) Functional characteristics of heterolo-
gously expressed 5-HT receptors. Eur J Pharmacol 334:1-23.

Gilbody SM, Bagnall AM, Duggan L, and Tuunainen A (2000) Risperidone versus
other atypical antipsychotic medication for schizophrenia. Cochrane Database Syst
Rev 3:CD002306.

Green B (2000) Focus on risperidone. Curr Med Res Opin 16:57—65.

Hedlund PB and Sutcliffe JG (2004) Functional, molecular and pharmacological
advances in 5-HT7 receptor research. Trends Pharmacol Sci 25:481-486.

Hoyer D, Hannon JP, and Martin GR (2002) Molecular, pharmacological and func-
tional diversity of 5-HT receptors. Pharmacol Biochem Behav 71:533-554.

Hoyer D and Martin G (1997) 5-HT receptor classification and nomenclature: to-
wards a harmonization with the human genome. Neuropharmacology 36:419—-428.

Kong MM, Fan T, Varghese G, O’dowd BF, and George SR (2006) Agonist-induced
cell surface trafficking of an intracellularly sequestered D1 dopamine receptor
homo-oligomer. Mol Pharmacol 70:78—-89.



380

Teitler et al.

Krobert KA, Andressen KW, and Levy FO (2006) Heterologous desensitization is
evoked by both agonist and antagonist stimulation of the human 5-HT; serotonin
receptor. Eur J Pharmacol 532:1-10.

Krobert KA, Bach T, Syversveen T, Kvingedal AM, and Levy FO (2001) The cloned
human 5-HT7 receptor splice variants: a comparative characterization of their
pharmacology, function and distribution. Naunyn Schmiedebergs Arch Pharmacol
363:620-632.

Kroeze WK, Kristiansen K, and Roth BL (2002) Molecular biology of serotonin
receptors structure and function at the molecular level. Curr Top Med Chem
2:507-528.

Kvachnina E, Liu G, Dityatev A, Renner U, Dumuis A, Richter DW, Dityateva G,
Schachner M, Voyno-Yasenetskaya TA, and Ponimaskin EG (2005) 5-HT7 receptor
is coupled to G alpha subunits of heterotrimeric G12-protein to regulate gene
transcription and neuronal morphology. «J Neurosci 25:7821-7830.

Love RC and Nelson MW (2000) Pharmacology and clinical experience with risperi-
done. Expert Opin Pharmacother 1:1441-1453.

Lovenberg TW, Baron BM, de Lecea L, Miller JD, Prosser RA, Rea MA, Foye PE,
Racke M, Slone AL, and Siegel BW (1993) A novel adenylyl cyclase-activating
serotonin receptor (5-HT7) implicated in the regulation of mammalian circadian
rhythms. Neuron 11:449—458.

Lyon RA, Davis KH, and Titeler M (1987) 3H-DOB (4-bromo-2,5-dimethoxyphenyli-
sopropylamine) labels a guanyl nucleotide-sensitive state of cortical 5-HT2 recep-
tors. Mol Pharmacol 31:194-199.

Meltzer HY, Matsubara S, and Lee JC (1989) Classification of typical and atypical
antipsychotic drugs on the basis of dopamine D-1, D-2 and serotonin2 pKi values.
o Pharmacol Exp Ther 251:238-246.

Monsma FJ Jr, Shen Y, Ward RP, Hamblin MW, and Sibley DR (1993) Cloning and
expression of a novel serotonin receptor with high affinity for tricyclic psychotropic
drugs. Mol Pharmacol 43:320-3217.

Ouedraogo M, Lecat S, Rochdi MD, Hachet-Haas M, Matthes H, Gicquiaux H,
Verrier S, Gaire M, Glasser N, Mély Y, et al. (2008) Distinct motifs of neuropeptide
Y receptors differentially regulate trafficking and desensitization. Traffic 9:305—
324,

Purohit A, Smith C, Herrick-Davis K, and Teitler M (2005) Stable expression of

constitutively activated mutant H5HT6 and H5HT7 serotonin receptors: inverse
agonist activity of antipsychotic drugs. Psychopharmacology (Berl) 179:461-469.

Raymond JR, Mukhin YV, Gelasco A, Turner J, Collinsworth G, Gettys TW, Grewal
JS, and Garnovskaya MN (2001) Multiplicity of mechanisms of serotonin receptor
signal transduction. Pharmacol Ther 92:179-212.

Roth BL, Craigo SC, Choudhary MS, Uluer A, Monsma FJ Jr, Shen Y, Meltzer HY,
and Sibley DR (1994) Binding of typical and atypical antipsychotic agents to
5-hydroxytryptamine-6 and 5-hydroxytryptamine-7 receptors. J Pharmacol Exp
Ther 268:1403-1410.

Ruat M, Traiffort E, Arrang JM, Tardivel-Lacombe J, Diaz J, Leurs R, and Schwartz
JC (1993) A novel rat serotonin (5-HT6) receptor: molecular cloning, localization
and stimulation of CAMP accumulation. Biochem Biophys Res Commun 193:268—
276.

Schneider LS, Dagerman K, and Insel PS (2006) Efficacy and adverse effects of
atypical antipsychotics for dementia: meta-analysis of randomized, placebo-
controlled trials. Am J Geriatr Psychiatry 14:191-210.

Shen Y, Monsma FJ Jr, Metcalf MA, Jose PA, Hamblin MW, and Sibley DR (1993)
Molecular cloning and expression of a 5-hydroxytryptamine7 serotonin receptor
subtype. J Biol Chem 268:18200-18204.

Smith C, Rahman T, Toohey N, Mazurkiewicz J, Herrick-Davis K, and Teitler M
(2006) Risperidone irreversibly binds to and inactivates the H5-HT7 serotonin
receptor. Mol Pharmacol 70:1264-1270.

Spina E, Avenoso A, Facciola G, Salemi M, Scordo MG, Ancione M, Madia AG, and
Perucca E (2001) Relationship between plasma risperidone and 9-hydroxyrisperi-
done concentrations and clinical response in patients with schizophrenia. Psycho-
pharmacology (Berl) 153:238-243.

Teitler M and Herrick-Davis K (1994) Multiple serotonin receptor subtypes: molec-
ular cloning and functional expression. Cri¢ Rev Neurobiol 8:175-188.

Terrén JA (1997) Role of 5-HT7 receptors in the long-lasting hypotensive response
induced by 5-hydroxytryptamine in the rat. Br J Pharmacol 121:563-571.

Address correspondence to: Dr. Milt Teitler, Center for Neuropharmacol-
ogy and Neuroscience, Albany Medical College, 47 New Scotland Avenue,
Albany, NY 12208. E-mail: teitlem@mail.amc.edu




